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The nuclear genomes of many animals contain non-
functional copies of mitochondrial genes that provide
new opportunities for evolutionary analysis.
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The mitochondrial genomes of modern animals carry a
minimal set of genes, together with a few small non-coding
segments, which are necessary to regulate replication and
gene expression. Even these basic processes require the
import of additional gene products that are encoded in the
nucleus. According to the endosymbiotic theory [1], modern
plant and animal mitochondria are the descendants of one or
more ancient invasions of eukaryotic cells by free-living
prokaryote ancestors. The compact and economical mito-
chondrial genomes we observe today are the result of a
gradual transfer of genetic information from the organelle to
the nucleus. The discovery that many DNA sequences have
been recently transferred from the mitochondria suggests
that the mechanisms responsible for the streamlining of the
animal mitochondrial genome remain intact. But changes in
the genetic code used in the mitochondria preclude expres-
sion of protein-coding genes transferred to the nucleus; such
mitochondrial pseudogenes have important implications for
laboratory methodology and evolutionary analysis. 
Sequences undeniably similar to modern mitochondrial
DNA (mtDNA) sequences have been found in the nuclear
genomes of primates, rodents, cats and birds, among others.
More than ten years ago, Fukuda et al. [2] hybridized
mtDNA to human genomic libraries, and estimated that a
haploid human nuclear genome contains at least several
hundred copies of mtDNA-like fragments. Several of these
pseudogenes have been characterized by DNA sequencing
and shown to include diverse segments of the mitochondrial
genome — at least six of the thirteen protein-coding genes
[2–4], and both ribosomal RNA genes [4,5]. Cytochrome b
pseudogenes have been described in a South American
rodent [6] and, most recently, from several primate nuclear
genomes, including the orangutan and Old-World monkeys
[7]. A pseudogene of the D-loop, the major regulatory
portion of many animal mitochondrial genomes, occurs in
the rat nuclear genome [8].
The mechanism of mitochondria-to-nucleus gene transfer is
not yet established. The presence of untranscribed mito-
chondrial sequences in a large block of feline pseudogenes
suggests that the intermediate was DNA rather than RNA
[9], although a plant example of mitochondria-to-nucleus
transfer involving an edited RNA intermediate has been
observed [10]. Sometimes, it appears that the mtDNA is
damaged before or during the transfer [3,9]. There are
several examples in which the pseudogene sequence is
present in multiple copies. The tandemly repeated struc-
ture of the cat pseudogenes is consistent with extrachromo-
somal amplification as a circular molecule, but other
multicopy pseudogenes are embedded in regions amplified
after integration into the nuclear genome [8]. Sequence
analyses of human pseudogenes with various levels of simi-
larity to the same segment of mtDNA suggest that they
arose over time from independent transfers [2,5].
Molecular systematic analysis of sequences often begins
with their amplification from preparations of total cellular
DNA using universal primers [11]. Because recent nuclear
transfers retain high sequence identity to their mitochondr-
ial counterparts, nuclear-encoded pseudogenes may be
inadvertently amplified as well. Such pseudogenes have
been identified as artifacts of routine polymerase chain reac-
tions (PCRs) with conserved mitochondrial primers in a
South American akodontine rodent [6], in the orangutan [7]
and in passerine birds [12]. Although frameshifts and aber-
rant stop codons make it is easy to identify potential
pseudogenes of mitochondrial protein-coding genes, it will
be more difficult to detect mitochondria-to-nucleus trans-
fers of the ribosomal RNA genes or non-coding regions that
are often chosen for molecular systematics. 
The analysis of these sequences does tell us that nuclear
pseudogenes evolve more slowly than their functional coun-
terparts in mitochondria. We are accustomed to expect that
pseudogenes, because they are not constrained by selection
to maintain their original function, evolve at an accelerated
rate. However, mitochondrial sequences transferred to the
nucleus experience a greatly reduced mutational pressure,
resulting in a large decrease in evolutionary rate — one
study estimates a decrease of more than ten-fold in a bird
pseudogene [12]. This discrepancy will be exaggerated at
more rapidly evolving sites in the mitochondrial genome.
Transitions at the third positions of mitochondrial codons
evolve at least 39 times faster than the corresponding posi-
tions in the pseudogene [12]. Nuclear pseudogenes unin-
tentionally included in phylogenies of mtDNA will distort
trees and suggest changes in evolutionary rate.
Although such extreme differences in evolutionary rate and
pattern may help identify nuclear pseudogenes in evolu-
tionary analyses, it is precisely these features that pose a
more serious problem for studies of ancient and forensic
DNA. We expect branches of phylogenetic trees leading to
sequences from ancient samples to be shorter than those
leading to their closest living relatives. Furthermore, exten-
sive damage is not uncommon among ancient and forensic
DNA, and the target DNA is likely to be at low concentra-
tion, increasing the likelihood of the amplification of small
amounts of contaminant by PCR. Indeed, sequences
recently reported as ‘dinosaur’ mtDNA extracted from 80
million-year-old bone bear a suspicious resemblance to
human cytochrome b pseudogenes [4,7].
Nuclear pseudogenes provide a unique opportunity for
learning more about patterns and rates of substitution in
mtDNA. Because of the ten-fold difference in the rate of
evolution of nuclear pseudogenes and mitochondrial genes,
DNA transferred to the nucleus can serve as a ‘molecular
fossil’ by preserving the ancestral state of the mitochondrial
genome [2]. The age of these fossils can be estimated in at
least two ways. Segments transferred before the divergence
of two species will usually be present in the nuclear
genomes of both. Where there is a well-established inde-
pendent species phylogeny, the approximate date of trans-
fer can be inferred by the phylogenetic distribution of the
pseudogene. The level of divergence between the nuclear
and mitochondrial copy from a single organism can also be
used to date a transfer event. Figure 1 shows the estimated
time of transfer for several of the examples discussed here.
It is easy to see how a collection of such pseudogenes could
form a nearly continuous historical record of the mtDNA
sequence [5]. 
In an elegant example of the utility of these molecular
fossils, Zischler et al. [13] specifically searched for a nuclear
copy of the human mitochondrial D-loop, in order to resolve
a controversy surrounding the origin of modern humans.
Whereas previous phylogenetic analyses supported an
African origin of modern humans, these studies were criti-
cized because the chimpanzee D-loop sequence is so diver-
gent that it makes a poor outgroup for the human D-loop
phylogeny. The nuclear copy of the D-loop isolated by Zis-
chler et al. [13] was created by a mitochondrial transfer in an
ancestor of humans after the divergence of the human and
chimpanzee lineages, but before the differentiation of
modern human populations. Thus, the nuclear fossil is a
much better outgroup with which to root the human phylo-
genetic tree. Their analysis provides a significant boost to
the support for an African origin of modern humans. 
More nuclear copies of mitochondrial genes are certain to be
discovered as complete animal genomes are sequenced.
These sequences will allow a definitive count of the
number and distribution of such pseudogenes in the
genome, and may provide additional insight into the mecha-
nisms by which mitochondrial sequences are inserted and
amplified in the nuclear genome. These nuclear pseudo-
genes have the potential to be both an obstacle and a new
tool for evolutionary analyses using mtDNA.
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Repeated transfers of mitochondrial sequences to the nucleus have
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